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Owing to exchange interaction between the exciton and magnetic ion, a quantum dot embedding
a single magnetic ion is a great platform for optical control of individual spin. In particular, a quan-
tum dot provides strong and sharp optical transitions, which give experimental access to spin states
of an individual magnetic ion. We show, however, that physics of quantum dot excitons also com-
plicate spin readout and optical spin manipulation in such a system. This is due to electron-hole
exchange interaction in anisotropic quantum dots, which affects the polarization of the emission
lines. One of the consequences is that the intensity of spectral lines in a single spectrum are not
simply proportional to the population of various spin states of magnetic ion. In order to provide a
solution of the above problem, we present a method of extracting both the spin polarisation degree of
a neutral exciton and magnetic dopant inside a semiconductor quantum dot in an external magnetic
field. Our approach is experimentally verified on a system of CdSe/ZnSe quantum dot containing a
single Fe2+ ion. Both the resonant and non-resonant excitation regimes are explored resulting in a
record high optical orientation efficiency of dopant spin in the former case. The proposed solutions
can be easily expanded to any other system of quantum dots containing magnetic dopants.
I. INTRODUCTION
Spin degree of freedom of defect centers in semiconduc-
tors is desirable storage for quantum information thanks
to relatively long coherence times caused by weak inter-
action with the crystal environment [1–3]. Particular ex-
ample of such defects are transition metal (TM) dopants,
which feature non-zero spin due to partially filled electron
d shell. Extensive studies of semiconductors doped with
TM ions (diluted magnetic semiconductors) established
a firm relation between the energy of the excitonic tran-
sition and the average spin of the TM ions (giant Zee-
man effect [4]). Because of a large number of involved
dopants in bulk crystals, the exciton energy shift (and
thus the average TM-dopant spin state) could be consid-
ered a continuous variable. This situation has changed
after the introduction of a system of a single TM ion in
a quantum dot (QD), in which the spin quantization was
directly reflected by the quantization of localized exciton
energy[5]. The photoluminescence (PL) spectrum of the
exciton in such a case consists of a series of lines, which,
due to the axial character of the heavy holes in the QDs,
can be mapped to given projections of the TM ion onto
the growth axis[5–8]. Consequently, relative intensity of
each of these lines constitutes a convenient measure of the
orientation of the TM ion spin. This particular feature
has been exploited in a number of studies concerning var-
ious types of dopants in different semiconductor systems
[7, 9–17]. Such an approach is naturally limited to the
case of the non-resonant excitation, since in the resonant
case the directly excited state is vastly over-represented
in the photoluminescence spectrum[18, 19].
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In this work we demonstrate that even for the non-
resonant excitation it is not sufficient to use the rela-
tive intensities of the emission lines as a measure of the
spin orientation of the TM ion embedded in a QD. As
we show, the simple picture is invalidated by the inter-
play between optical orientation of the exciton and the
non-trivial dependence of the TM ion spin on the selec-
tion rules in anisotropic quantum dots. Our considera-
tions will be showcased using a particular system of a
CdSe/ZnSe QD with single Fe2+ ion [14], but the same
reasoning should be valid also for all other known systems
of that kind [20–22].
II. EXPERIMENT
The illustratory experimental data used in this work
was measured in a photoluminescence (PL) setup with
high spatial resolution obtained using Cassagrain-type
microscope with effective NA = 0.7 [23]. The sample
was cooled down to T = 1.8 K inside a superconductive
magnet, which provided magnetic field up to B = 10 T
in Faraday configuration. The sample was excited quasi-
resonantly at E = 2407.44 meV. The PL signal was de-
tected in two circular polarizations using a motorized λ/4
waveplate and a linear polarizer. The sample structure
with CdSe: Fe QDs embedded in ZnSe barrier was de-
scribed in Ref. 14.
The characteristics of measured PL spectra were con-
sistent with previous studies [14, 24]. The spectrum of a
single non-resonantly excited QD with a single Fe2+ ion
shown in Fig. 1(a) features three pairs of lines. Each
pair corresponds to recombination of a certain excitonic
complex: neutral exciton (X), charged exciton (X−), or
neutral biexciton (XX). In the following analysis we fo-
cus on the neutral exciton as the fundamental transition
in the neutral QD.
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FIG. 1: (a-b) σ−− polarised photoluminescence of a quantum
dot with a single Fe2+ ion in a magnetic field of (a) 0 and (b)
3 T. Inset shows the close-up of the neutral exciton lines.
(c) Neutral exciton intensity as a function of magnetic field
from 0 to 6 T that shows characteristic anticrossing between
exciton states of opposite spins: ↓⇑ and ↑⇓.
III. PARADOX OF SIMPLIFIED
DETERMINATION OF THE ION ORIENTATION
The splitting of the neutral exciton line in QDs with
single TM ions is a reflection of the exciton-ion exchange
interaction. In the analyzed case, the lower (higher) en-
ergy line corresponds to state with anti-parallel (parallel)
orientation of exciton and Fe2+ spins. Due to optical se-
lection rules, by detecting σ− circularly polarized light,
we study excitons build of a spin-up electron (↑) and a
spin-down heavy hole (⇓). As a consequence, we can un-
equivocally attribute the lower (higher) energy line in σ−
polarization to the particular spin projection of the iron
ion: S = +2 (S = −2), as marked in insets of Fig. 1a. We
note that this link is valid even if the eigenstates of the
system does not correspond to the pure spin states. It is
particularly evident, in the magnetic field of a few Tesla
in Faraday configuration, near the anticrossing caused
by the anisotropic interaction between the carriers (see
Fig. 1b). In such a field anti-crossed lines are linearly-
polarized, but still correspond to well-defined projection
of the iron spin.
The described correspondence is a foundation of a go-
to method of measuring the orientation of the dopant
spin ηFe simply by taking a normalised difference in the
intensities of lower and higher energy emission peaks [12,
25, 26]:
ηFe = 2
IS=+2 − IS=−2
IS=+2 + IS=−2
(1)
where IS=±2 denotes the intensity of the line(s) related
to a S = ±2 spin of the Fe2+ ion in a given circular polar-
isation that defines the spin of exciton. Such a method
was applied to the case of neutral exciton [11, 12, 25],
charged exciton [26], and biexciton transition[11]. It was
identified that the last case is the most reliable, as the
biexciton due to its singlet nature it is not affected by
the issue of exciton spin relaxation[11]. Unfortunately,
the biexciton transition is not always available, e.g. due
to overlap with other features in the spectrum or simply
due to insufficient intensity.
For that reason the described method of extracting
Fe2+ spin orientation was applied for the quantum dot
presented in Fig. 1 using the neutral exciton transition.
The expression 1 was applied independently in all four
combinations of circular polarization of excitation and
detection. The resulting values of this procedure (i.e., ap-
parent ion spin orientation degree) are presented in Fig.
III. As clearly seen, the orientation degree η extracted
from various combinations of polarization yields signif-
icantly different values. As discussed earlier, using the
neutral exciton instead of the biexciton in this procedure
introduces a bias due to spin relaxation during exciton
lifetime. However, such a bias should not depend on the
excitation conditions, therefore it cannot explain the dif-
ference between η values obtained for σ+/σ− and σ−/σ−
polarizations (using notation of ”polarization of excita-
tion / polarization of detection”). Na¨ıve interpretation
would attribute this difference to the Fe2+-spin optical
orientation effect, i.e., to dependence of the direction of
the dopant spin on the helicity of the excitation. In this
frame the collected data could lead to conclusion that the
maximum efficiency of the optical orientation (largest dif-
ference between full and empty red symbols in Fig. III)
occurs in the field of B ≈ 3 T. Yet, such interpretation is
ostensibly contradicted by data in the σ+/σ+ and σ−/σ+
polarizations, which seemingly indicates opposite optical
orientation.
Described disparity can lead to counter-intuitive effect
in the experiment, e.g., while probing optical Fe2+ orien-
tation effect at B = 3 T using σ− polarization. In such
a setting ratio of intensity of PL signal related to |2+〉
spin state to the intensity of PL signal related to |2−〉
spin state decreases when switching from σ− to σ+ exci-
tation, which can be easily misinterpreted as a proof of
negative optical pumping of the ion spin.
The explanation of this paradox is directly related to
exciton spin optical orientation. In particular, the rela-
tive intensities of the studied lines in the PL spectrum
depend not only on the Fe2+ spin, but also on how well
the polarization of the involved exciton state agrees with
the polarization of the excitation. While at zero or at
high magnetic field both emission lines exhibit the same
3polarization degree, in the intermediate range one of the
lines is affected by the anticrossing due to electron-hole
exchange interaction [14]. For the presented QD this an-
ticrossing occurs about B ≈ 3 T, which is clearly seen in
Fig. 1(c).
In the next section we describe the theoretical model
of this phenomenon and propose a procedure to extract
the real orientation degree of the dopant spin from the
collected data.
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FIG. 2: Orientation of the iron spin estimated using applying
the formula 1 to data measured using different combinations
of circular polarization of excitation and detection. Please
note the disparity between datasets corresponding to the same
excitation condition.
IV. PROPOSED MODEL
Presented method of calculating the effective degree
of iron ion and exciton spin polarisation is based on
the hamiltonian introduced in Refs. 14, 27. In this
approach we study a hamiltonian describing an inter-
acting pair of bright exciton and an Fe2+ ion of spin
〈Sz〉 = ± 2 in a magnetic field of Faraday configuration.
For a four-dimensional basis of different spin configura-
tions |SX, SFe〉 = {|↓⇑,+2〉 , |↓⇑,−2〉 , |↑⇓,+2〉 , |↑⇓,−2〉}
it takes on the following form:
Hˆ =
1
2


∆s−p,d δ1 δFe 0
δ1 −∆s−p,d 0 δ1
δFe 0 −∆s−p,d δFe
0 δ1 δFe ∆s−p,d

+HˆB, (2)
where ∆s−p,d describes ion-exciton exchange interaction,
δ1 is the effective anisotropic interaction between car-
riers in the QD and δFe ≈ 0 is an effective mixing
energy between spin states of the iron ion due to the
crystal environment. The HˆB term is responsible for
additional Zeeman splitting of bright exciton and Fe2+
spin in a magnetic field and takes the standard struc-
ture HˆB = −µBgSzB, where g is the Lande´ factor of
either exiton or ion dopant. All parameters used in
the hamiltonian 2 can be extracted from polarisation-
resolved magnetospectroscopic measurements [14]. The
same approach also applies to other systems of QD con-
tainig TM ions, apart from differences in the ion spin
configuration [5].
Invoked Hamiltonian can be used to determine the en-
ergy of the eigenstates |Ψi〉 and, together with the dipole
moment operators, the oscillator strengths of the opti-
cal transitions. However, intensity of photoluminescence
lines crucially depends also on the population of the ini-
tial states. In order to evaluate these populations we in-
troduce two simplifying assumptions. Firstly, we neglect
small changes in the dopant spin upon the QD excitation
[26]. Under such assumption, the same probabilities (de-
noted as b1 and b2) describe the occurrence of up- and
down- orientation of the Fe2+ spin both in the empty-
dot state as in the presence of the exciton. Formally,
the effect of the Fe2+ spin polarization is accounted for
by introducing following factor to population of the |Ψi〉
state: ∑
j={1,2}
bj | 〈Fej |Pσ± |Ψi〉 |
2.
The second assumption is related to the exciton part of
the wavefunction, in particular to the degree upon which
the circularly polarized excitation leads to formation of
the spin-polarized excitons. Namely, we assume that this
degree does not depend on the dopant spin and can be
described by a single probability a+ that the exciton will
be created with spin-up and complementary probability
a− = 1 − a+ that the exciton will be created with spin-
down orientation. Such a description is universal in a
sense that it covers a case of quasi-resonant excitation
with either σ+ or σ− polarization (a+ ≫ a− and a+ ≪
a−, respectively) or non-resonant excitation case (a+ ≈
a−).
Altogether the discussed assumptions lead to following
expression for occupation of the |Ψi〉 state:
pi =
∑
j={1,2}
bj
∑
σ±
a±| 〈Ψi|Pσ± |Fej〉 |
2. (3)
The intensity of a particular optical transition is deter-
mined by a product of the initial state occupation and the
oscillator strength, since for each bright excitonic state
the sum of oscillator strengths (and thus the lifetime) is
constant:
I
(
|Ψi〉
σ±
−−→ |Fej〉
)
= pi | 〈Ψi|Pσ± |Fej〉 |
2. (4)
Derived expression can be further modified to account
for secondary effects, such as partial relaxation of the ex-
citon spin during its lifetime [11, 28] or probability to flip
the dopant spin depending on the orientation of the cap-
tured exciton [16]. However, such corrections are strongly
model-dependent and in general require introduction of
new free parameters. Thus, for the sake of simplicity, we
will remain with pristine version of our model.
Expression 4 describes intensity of each of the lines
using three parameters (apart from otherwise known pa-
rameters of the Hamiltonian): polarization of the Fe2+
4spin 〈SFe〉 = 2
b1−b2
b1+b2
, degree of spin selectivity of the ex-
citons 〈ξX〉 =
a+−a−
a++a− and the overall intensity of the QD
luminescence. Consequently, by means of numerical fit-
ting of experimentally determined intensities of the PL
lines in both polarizations of detection, we can extract
parameters a± and bj . Such a procedure is general and
would work also if the model was additionally extended,
as discussed above. However, in the presented form the
model can be solved analytically leading to more practi-
cal formulas. First of all, by summing intensity detected
in both polarizations we obtain particularly simple ex-
pression for 〈SFe〉:
〈SFe〉 = 2
I
(tot)
S=+2 − I
(tot)
S=−2
I
(tot)
S=+2 + I
(tot)
S=−2
. (5)
It is closely resembling Eq. 1, but the fundamental dif-
ference is that I
(tot)
S=±2 is a total intensity of emission lines
related to S = ±2 states summed over both detection po-
larizations under the same excitation conditions. Know-
ing b1 =
1
2 + 〈SFe〉/4 and b2 =
1
2 − 〈SFe〉/4 we can deter-
mine degree of spin selectivity of the excitons 〈ξX〉 using
expressions for least squares method:
ξX =
D(B − C)− E(C −A)
D(B + C)− E(C +A)
, (6)
where A, . . . , E are defined in Appendix A. In principle,
quantity 〈ξX〉 can be also estimated based on intensities
of any 2 lines of different polarizations, but utilization of
all measured intensities in least squares method leads to
more robust estimation.
V. APPLICATION OF THE MODEL TO THE
INTERPRETATION OF MAGNETO-OPTICAL
DATA
Figure 3 presents the results of applying the described
procedure to experimental data from Fig. III. The ex-
tracted parameters exhibit much weaker variation on the
magnetic field than the basic estimator ηFe discussed ear-
lier. The constructed model unequivocally confirms that
most of the disparity between the experimental points in
III originates from the variation of the eigenstates |Ψi〉
rather than from variation of population factors bj and
a±. In fact, the latter of the parameters (and conse-
quently also 〈ξX〉) is nearly independent on the magnetic
field. As expected, the principal factor determining the
population of the excitonic state is the helicity of the
excitation, as manifested by the difference between red
and blue series in Fig. 3(b). Similarly, we find clear dif-
ference between the average orientation of the iron spin
depending on the helicity of the excitation, i.e., the opti-
cal orientation effect. As seen in Fig. 3(a) the efficiency
of this effect is practically independent on the magnetic
field. Given that half of the excitonic states aroundB = 3
T are inherently linearly polarized, it might suggest that
the leading orientation mechanism occurs at the exciton
formation stage rather than during its lifetime. This ob-
servation could be compared with the data reported in
Ref. 14, where no decrease in the optical orientation
efficiency was observed up to 4 T. On the other hand,
the data in Ref. 14 indicated a trend of increasing the
efficiency of the optical orientation upon increasing the
magnetic field, which is not corroborated here. We ten-
tatively attribute this difference to differences in the en-
ergy excitation (2.41 eV compared to 2.54 eV in Ref. 14),
which may affect the relaxation path of the photo-created
excitons.
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FIG. 3: Spin orientations of exciton (a) and Fe2+ ion (b) un-
der quasi-resonant excitation as a funciton of magnetic field,
determined using proposed model.
VI. DISCUSSION
Apart from anisotropic electron-hole exchange inter-
action analysed in this paper, there are several other
physical effects which could affect spin readout and opti-
cal spin orientation in a QD with a single TM ion, such
as spin-dependent quenching of excitonic transitions via
intra-ionic transitions [15, 29] or relaxation of exciton-
magnetic-ion system[30]. Such effects pose serious chal-
lenge as they are related to the very idea of the readout of
the dopant spin using a confined exciton and they cannot
be resolved without detailed insight into the particular
mechanism.
Procedure described in this work addresses a problem
of extracting of dopant polarization degree in a case when
QD emission lines are not circularly polarized. As we
shown, in case of Fe2+ ion the effect might even lead
to apparent reversing the sign of optical orientation. In
principle, effect of the same nature occurs in all systems
of QDs with a single TM ions. Yet, it was not recog-
nized in earlier studies as in most cases it does not stand
out for one of two reasons. First, typically TM-doped
QD exhibit multiple emission lines in each polarization,
5e.g., 6 lines for Mn-doped CdTe or CdSe QDs. The an-
ticrossings leading to linearly polarized eigenstates are
occurring for different pairs of lines at different magnetic
fields. As the result, even if a pair emission lines un-
dergoes an anticrossing, the other 4 lines are polarized
circularly, and the resulting estimate of averaged dopant
spin is not strongly affected. Second, the discussed ef-
fect requires efficient transfer of the polarization of the
excitation laser to the spin of injected excitons. Under
non-resonant excitation the hot excitons do not transfer
the polarization, which would correspond to ξX = 0 in
the proposed model. Under such conditions the spin of
the dopant remains the only factor influencing the rela-
tive populations of the QD states.
The described procedure enables us to extract the ac-
tual polarization of the ion even if the population of the
exciton states are perturbed by unequal exciton pump-
ing. Alternative way to address this issue is to use neu-
tral biexciton line, if only it is experimentally viable. As
noted earlier, the biexciton recombination is desirable
tool for readout of the dopant spin since it is not af-
fected by the spin relaxation due to its singlet nature.
For the same reason the relative intensities of the biex-
citon lines are not affected by the polarization of the ex-
citation, hence in case of the biexciton expression 1 is
supposed to yield correct results. In order to provide a
direct comparison between the results of the proposed
method of determination of the ion spin polarization us-
ing a neutral exciton and more traditional approach us-
ing the neutral biexciton we performed an auxiliary ex-
periment with non-resonant excitation at 3.06 eV. Under
such conditions, the neutral biexciton line was clearly vis-
ible, which allowed us to cross-check the value of 〈SFe〉 ex-
tracted using both methods. Although under such high-
energy excitation the optical orientation for both exciton
and the ion is negligibly small, the comparison between
the two methods is an important proof of consistency.
Indeed, the experimental data presented in Fig. 4 prove
that the proposed algorithm yields the same results as
the formula 1 applied for the neutral biexciton.
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FIG. 4: Comparison of Fe2+ ion orientation degree under
non-resonant excitation derived from biexciton emission in-
tensity and determined using proposed model.
VII. CONCLUSION
We have presented a method of extracting the exci-
ton and magnetic ion spin orientation in quantum dots
with important anisotropy. This approach allowed us to
analyze the data under quasi-resonant excitation, with
the efficiency of the optical orientation of magnetic ion
spin close to 15%. Our method can be easily expanded
to other systems of TM dopants inside semiconductor
quantum dots.
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Appendix A EXPRESSION FOR EVALUATING
NEUTRAL EXCITON SPIN SELECTIVITY
Here we present explicit form of parameters used in Eq.
6, which correspond to applying the least-squares method
to equations 4 for experimentally obtained intensities of
each transition I
(
|Ψi〉
α
−→ |Fej〉
)
:
6A =
∑
j
∑
i
∑
α∈{σ+,σ−}
(
bj | 〈Ψi|Pσ+ |Fej〉 |
2| 〈Ψi|Pα |Fej〉 |
2
)2
, (7)
B =
∑
j
∑
i
∑
α∈{σ+,σ−}
(
bj | 〈Ψi|Pσ− |Fej〉 |
2| 〈Ψi|Pα |Fej〉 |
2
)2
, (8)
C =
∑
j
∑
i
∑
α∈{σ+,σ−}
(
bj | 〈Ψi|Pα |Fej〉 |
2
)2
| 〈Ψi|Pσ+ |Fej〉 |
2| 〈Ψi|Pσ− |Fej〉 |
2, (9)
D =
∑
j
∑
i
∑
α∈{σ+,σ−}
I
(
|Ψi〉
α
−→ |Fej〉
)
bj | 〈Ψi|Pσ+ |Fej〉 |
2| 〈Ψi|Pα |Fej〉 |
2, (10)
E =
∑
j
∑
i
∑
α∈{σ+,σ−}
I
(
|Ψi〉
α
−→ |Fej〉
)
bj | 〈Ψi|Pσ− |Fej〉 |
2| 〈Ψi|Pα |Fej〉 |
2. (11)
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